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Abstract: In this paper we present a novel fabrication technique
for silicon nitride (Si3N4) waveguides with a thickness of up to
900 nm, which are suitable for nonlinear optical applications. The
fabrication method is based on etching trenches in thermally oxidized
silicon and filling the trenches with Si3N4. Using this technique no
stress-induced cracks in the Si3N4 layer were observed resulting in
a high yield of devices on the wafer. The propagation losses of the
obtained waveguides were measured to be as low as 0.4 dB/cm at a
wavelength of around 1550 nm.
© 2015 Optical Society of America
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1. Introduction
Silicon nitride-based waveguides form a promising, CMOS-compatible platform in inte-
grated photonics research [1]. Especially, stoichiometric silicon nitride (Si3N4) deposited
using low-pressure chemical vapor deposition (LPCVD) offers extremely low intrinsic
losses and superior reproducibility. Further advantages of this platform are a broad
transparency ranging from the visible [2] to the mid-infrared, a high index contrast
and absence of two-photon absorption in the near-infrared, including all the telecom-
munication bands. Due to their low propagation losses in the C-band as well as their
low coupling losses by using spot-size converters Si3N4 waveguides are favored in the
field of microwave photonics [3, 4] and for novel types (glass-semiconductor) lasers with
record low spectral bandwidth [5, 6]. Furthermore, ultra-low propagation losses in the
C-band of 0.32 dB/m have been demonstrated with weakly confined modes using 40 nm
thin Si3N4 waveguides [7, 8]. The low confinement of the mode, however, has the draw-
back of increased bending losses and, as a consequence, limit the density of devices
in integrated circuits. Further applications of Si3N4 waveguides are, e.g., bio-chemical
applications such as optical coherence tomography [9] and lab-on-a-chip devices due to
the compatibility of Si3N4 waveguides with microfluidic channels [10, 11].
Furthermore, Si3N4 waveguides are of high interest for nonlinear integrated photon-
ics [1] due to their high Kerr index [12], while supporting highly confined modes due
to their high index contrast and lacking nonlinear losses in the near-infrared. Nonlinear
effects such as supercontinuum generation [13] and parametric frequency comb gener-
ation [14] have been demonstrated. For the latter, huge potential in nonlinear optical
signal processing was shown by transmitting a data stream of 1.44 Tbit/s [15]. It is desir-
able to select the waveguides such that the pump wavelength for broadband wavelength
conversion lies in the spectral region where laser sources are readily available, i.e. 1000
to 2000 nm. However, to obtain phase matching for broadband wavelength conversion,
the dispersion of the waveguide must be engineered such that pump wavelength is in the
anomalous dispersion regime, while also being close to the zero dispersion wavelength
(ZDW).
To achieve high modal confinement and to shift the ZDW to the near-infrared, the
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Fig. 1. Calculated dispersion parameter, D, for bulk Si3N4 (black) and for quasi-
TM modes (primarily polarized along the y-direction) of waveguides with a fixed
width of 0.8 µm and a height of 0.8 µm (red), 1.0 µm (blue), and 1.2 µm (green).
While bulk Si3N4 does not exhibit a ZDW at wavelengths between 1000 nm and
2000 nm, the ZDW of the waveguides are 1200 nm (d = 0.8 µm), 1420 nm (d =
1.0 µm), and 1560 nm (d = 1.2 µm).
thickness of the silicon nitride waveguide core must be increased substantially from the
values that are typically used (< 200 nm). To obtain the dispersion of the waveguides we
simulated the effective refractive index n for various wavelengths using a finite element
solver (COMSOL Multiphysics) that takes both the dispersion of the materials and,
as well, the dispersion induced by the geometry of the waveguide core into account.
From this the dispersion parameter, D = −λc · d
2n
dλ 2 [16], can be calculated, where λ is
the vacuum wavelength of the light and c the speed of light. This is shown in Fig.1,
where we plot D as a function of the wavelength for waveguides with a fixed width w =
0.8 µm and three different heights ranging from 0.8 to 1.2 µm. As a comparison, the
dispersion parameter for bulk Si3N4 is shown as well. While bulk Si3N4 does not have
a ZDW in the wavelength range from 1000 to 2000 nm, the ZDW for the waveguides is
calculated to range from 1200 nm (d = 0.8 µm, red) to 1560 nm (d = 1.2 µm, green) by
changing the thickness d and, hence, providing phase matching for wavelengths around
1550 nm.
However, realizing Si3N4 waveguides with sufficient thickness is problematic. Typi-
cally, a Si3N4 layer is deposited on a thermally oxidized silicon substrate via LPCVD,
and waveguide cores are etched from this Si3N4 layer. This layer has a limited thickness
due to the increasing tensile stress that develops during the deposition of the Si3N4
with increasing layer thickness. Ultimately, this stress leads to the formation of cracks
when the thickness is larger than about 400 nm [17]. Recently, improved methods for
manufacturing low-loss thick Si3N4 waveguides have been introduced [17, 18], however,
they still suffer from cracks in the Si3N4 layer [17], limiting the yield and reproducibility
of device fabrication.
In this paper we report on the fabrication of the first silicon nitride waveguides
with thicknesses greater than 800 nm in a reproducibly crack-free manner. Instead of
depositing a thick layer of Si3N4, followed by etching the waveguide cores from this layer,
we first etch trenches in the silicon dioxide cladding that is formed by thermally oxidizing
the top surface of the silicon substrate. The trenches are then filled with Si3N4 using
LPCVD and the resulting waveguide cores are crack-free for depths of up to d = 1.2 µm.
Note, that this method, in general, provides waveguides with an aspect ratio, w/d >
1, unlike commonly used Si3N4 waveguides. As a result, the width of the waveguide
core is the critical parameter that controls stress-induced cracks, which is related to
the thickness of the Si3N4 layers. Waveguides fabricated in this way are referred to
as TriPleXTM[19, 20]. Details of this process are given in section 2. We then discuss
in section 3 the characterization of several thick waveguides that are manufactured
according to this novel procedure and end with a discussion and conclusion in section 4.
2. Fabrication
In this method, the waveguide devices are manufactured by filling predefined trenches
with Si3N4 using LPCVD. The individual fabrication steps are shown in Fig. 2. In the
first step, as shown in Fig. 2(a), reactive ion etching (RIE) is used to etch trenches with
a width w and a depth d into the thermally oxidized top surface (oxide depth 8 µm) of
a silicon wafer.
In the next step, a 250 nm thick layer of stoichiometric Si3N4 is deposited. During
this deposition process, the Si3N4 layer grows equally thick from the sidewalls and bot-
tom of the trenches, as illustrated in Fig. 2(b). To release stress from the material, the
deposition is performed in steps and wafers are allowed to cool down to room tempera-
ture between depositions [18]. As the deposition continues, the trench fills with Si3N4
SiO2
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Fig. 2. Steps of waveguide manufacturing. (a): A trench with depth d and width
w is etched into an 8 µm layer of thermally oxidized silicon (SiO2, blue) on a
silicon wafer. (b): 250 nm of Si3N4 (red) is deposited homogeneously over all
exposed surfaces using LPCVD. (c): The trench is completely filled with Si3N4
and a homogeneous Si3N4 layer over the whole trench width of up to 0.9 µm
is formed. (d): The residual Si3N4 on the top surface of the wafer is removed
from the wafer using chemical-assisted mechanical polishing and dry etching. The
remaining Si3N4 forms the waveguide core with the dimensions of the etched
trench. A top cladding of SiO2 can be deposited optionally on top of the waveguide
cores.
until the the two layers at the side walls merge in the middle of the trench, such that
the trench is completely filled, as shown in Fig. 2(c). For the manufactured waveguides
no more than two deposition steps were required. The final waveguide core is obtained
by removing the remaining Si3N4 from the top of the wafer using chemical-assisted
mechanical polishing and dry etching, as shown in Fig. 2(d). To ensure that etching
is stopped when the Si3N4 from the top of the wafer is removed an etch rate monitor
is used. If required, this last processing step can also be applied between deposition
steps, to thin the Si3N4 layer on top of the wafer to prevent cracks. To complete the
waveguide cladding, first a layer of tetraethyl orthosilicate (Si(OC2H5)4, TEOS) is de-
posited by LPCVD, which will form SiO2 after annealing. Second, a layer of SiO2 is
grown to a thickness of 8 µm by plasma-enhanced chemical vapor deposition (PECVD)
(both not shown in Fig. 2). To convert the TEOS layer into SiO2 and to reduce the
absorption in the near infra-red caused by dangling Si-H bonds, the wafers are annealed
after deposition at 1150 ◦C.
Using this procedure, several TriPleX-based Si3N4 waveguides were manufactured
with their width, w, ranging from 0.6 to 0.9 µm, and depths, d, of 0.8, 1.0, and 1.2 µm.
To ensure that these waveguides have low propagation losses, it is important that the
trenches have a low surface roughness at the bottom as well as at the side walls, since
rougher surfaces will result in higher scattering losses for propagating light. A scanning
electron microscope (SEM) picture of an etched trench is shown in Fig. 3(a) for a width
of w =0.8 µm and a depth of d =1.0 µm. Note that the vertical direction of all the
SEM pictures in Fig. 3 appears to be smaller because the pictures were taken under
an angle. Figure 3(a) also shows a slight positive taper, meaning that the width of the
trench increases from bottom to top, which ensures a conformal deposition. Without
tapering, the deposition is not fully conformal, and a gap between the silicon nitride
and the trench wall appears, which increases the propagation losses as a consequence.
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Fig. 3. SEM pictures: (a) A trench etched in thermally oxidized silicon with w =
0.8 µm and d = 1.0 µm. (b) and (c): the cross section of silicon nitride waveguide
core with w = 0.83 µm and d = 0.8 µm with a layer PECVD silica on top (b) and
w = 0.9 µm and d = 1.2 µm without a top layer (c). Note that all pictures are
taken at an angle, making the vertical direction appear smaller.
SEM pictures of two completed waveguide cores are shown in Fig. 3(b) and 3(c)
with a cross section of w = 0.83 µm by d = 0.8 µm and w = 0.9 µm by d = 1.2 µm,
respectively, with and without a top cladding, respectively. To increase the contrast
between the Si3N4 and the SiO2 in the SEM pictures, the samples were etched, which
resulted in the Si3N4 waveguide core sticking out from the SiO2 because of a difference in
etching rates of the materials. In Fig. 3(b) it can be seen that a homogeneous waveguide
core with w = 0.83 µm and d = 0.8 µm is formed using this manufacturing method.
By comparing the shape of the trench as shown in Fig. 3(a) and the waveguides in
Figs. 3(b) and 3(c), the stress induced by the deposition of silicon nitride is evident.
The large difference in material stress between the SiO2 and Si3N4 layers leads to a
change in both the shape of the waveguide as well as an inwards bend of the side
walls. The rounded shape of the waveguides leads to a small (∼10 nm) blue-shift in the
ZDW compared to the rectangular shape assumed in Fig.1. However, the variations in
waveguide dimensions, given by fabrication tolerances, cause larger shifts. In the case of
the deepest etching depth (d = 1.2 µm), it is observed that the change of the waveguide
shape is even stronger. Here, the tapering of the trench was insufficient to compensate
for the sidewall bending induced by the tensile stress of the Si3N4 layer. This effects
the final closure of the trench when the deposited Si3N4, which grows from the two side
walls, meet in the middle. As a result, the trench is not filled entirely with Si3N4 as can
be seen in Fig. 3(c). In future, we will compensate for this effect by applying a stronger
positive taper to the sidewall of the trenches.
During the fabrication, a large number of waveguides and waveguide circuits were
obtained with the described technique covering a total of six wafers (100 mm diameter)
and not a single crack was observed in the Si3N4 layers. This clearly indicates that,
using our novel approach, crack-free Si3N4 waveguides with a width of up to 0.9 µm
can be fabricated.
3. Characterization
The propagation losses are an essential characteristic for integrated waveguides, since
they are critical for the design of devices such as micro-resonators. By measuring the
transmission of a broadband light source through the waveguides, the propagation losses
were determined. The broadband light from a superluminescent diode with a center
wavelength of 1560 nm and a spectral bandwidth at full width at half maximum of
45 nm was used. The light was injected and collected using lensed fibers (2 µm spot size
at 1550 nm), while the input polarization was controlled to excite the quasi-TM mode
which is primarily polarized along the y-direction (see Fig. 2(d)) of the waveguides using
an in-line optical fiber polarization controller. The transmitted power was measured for
three etching depths, 0.8 µm, 1.0 µm, and 1.2 µm, and for four different propagation
lengths, using spiral waveguides with lengths of 2.30 cm, 3.89 cm, 6.90 cm, and 10.48 cm
and of various widths.
The transmission as a function of waveguide length is shown in Fig. 4(a), and from
this data, the propagation loss coefficient is determined to be 0.37 dB/cm (d = 0.8 µm,
blue), 0.45 dB/cm (d = 1.0 µm, red), and 1.37 dB/cm (d = 1.2 µm, black), while w
0 2 4 6 8 10
−15
−10
−5
0
Propagation (cm)
Tr
an
sm
iss
io
n 
(dB
)
a)
0 20 40 60
10−6
10−4
10−2
100
Bending radius (µm)
Lo
ss
 (d
B/c
m)
b)
Fig. 4. (a) Power transmission of light with a center wavelength of 1560 nm (TM
polarization) measured for different waveguide lengths (2.30 cm, 3.89 cm, 6.90 cm,
and 10.48 cm) and waveguide depths (0.8 µm (blue circles), 1.0 µm (red squares),
and 1.2 µm (black triangles)). The waveguide width varies between 0.7 µm and
0.9 µm. The graph has been corrected for the coupling losses, which vary between
13 to 15 dB in total. (b) Simulated bending losses of the quasi-TM mode at a
wavelength of 1550 nm for various bending radii. Simulations were performed for
cross sections and depths of w= 0.5 µm and d = 0.8 µm (red triangles), w= 0.8 µm
and d = 0.8 µm (blue squares), w = 0.5 µm and d = 1.2 µm (black circles), and
w = 0.8 µm and d = 1.2 µm (green diamonds).
ranged from 0.7 to 0.9 µm. No variation in the propagation loss was observed for the
range of waveguide widths investigated. The propagation losses are believed to be mainly
due to scattering losses since absorptive losses have been reported to amount to values
of below 0.055 dB/cm in Si3N4 waveguides [18]. We address the comparably high losses
for a d of 1.2 µm to higher scattering losses resulting from the small gap in the center
of the Si3N4 core, as shown in Fig. 3(c).
Another important performance parameter is the bending loss, as this indicates how
densely devices can be packed on a wafer. In our measurements we found that the
bending losses are so low that we could not experimentally distinguish these from the
differences in coupling efficiencies from waveguide to waveguide. To quantify bend-
ing losses for thick Si3N4 waveguides, we simulated them using a finite element solver
(FieldDesigner, PhoeniX BV). The simulated bending losses for a quasi-TM mode at a
wavelength of 1550 nm are shown in Fig. 4(b) as a function of the radius of the bend
for waveguide cross sections of d = 0.8 µm and 1.2 µm and w = 0.5 µm and 0.8 µm,
respectively. As a result of the high confinement, the bending losses of the guided mode
are lower for larger waveguide cross sections. As shown in Fig. 4(b), e.g., the losses for
a bending radius of 20 µm decrease from 2.9 dB/cm for the smallest waveguide cross
section, w = 0.5 µm and d = 0.8 µm (red), to as low as 1.2 ·10−5 dB/cm for w = 0.8 µm
and d = 1.2 µm (green). The bending losses are negligible for the bigger cross sections
when compared to the propagation losses. The simulated bending loss for waveguides
with high modal confinement and d =w= 0.8 µm (blue) is only 0.7 dB/m for a bending
radius of 20 µm. In comparison, to obtain a similar bending loss from a waveguide
with low modal confinement [8], the bending radius must be as large as 2 mm or more.
Consequently, the density of waveguides circuits on a wafer can be increased by or-
ders of magnitude using waveguides with a high confinement, which leads to a superior
efficiency in the fabrication of Si3N4 waveguides.
4. Conclusion
In conclusion, we have shown a novel way to fabricate TriPleX-based Si3N4 waveguides
with a width of up 0.9 µm, while having a depth of up to 1.2 µm. This method is
promising to achieve a high yield compared to previously reported approaches to fab-
ricate Si3N4 waveguides of similar cross-section dimensions. The complete area of six
wafers with a diameter of 100 mm was used to produce waveguide structures, while
not a single stress-induced crack appeared during or after fabrication. The propagation
losses are measured to lie below 0.4 dB/cm for waveguides with a depth of 0.8 µm,
while the bending losses were simulated to be below 0.01 dB/cm for a bending radius
of 20 µm, both for a quasi-TM mode at a wavelength of 1550 nm.
The measured coupling efficiency and observed variation in coupling efficiency can
be improved by implementing spot-size converters at either end of the waveguide. The
spot size converter expands the mode field diameter, which makes the coupling easier
and less sensitive for imperfections in the flatness of the end facet.
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